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Glutamatergic calcium dynamics and deregulation of rat
retinal ganglion cells
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A rise in intracellular calcium levels ([Ca2+]i) is a key trigger for the lethal effects of the
excitatory neurotransmitter glutamate in various central neurons, but a consensus has not
been reached on the pathways that mediate glutamate-dependent increases of [Ca2+]i in retinal
ganglion cells (RGCs). Using Ca2+ imaging techniques we demonstrated that, in the absence of
external Mg2+, the Ca2+ signal evoked by glutamate was predominantly mediated by NMDA-type
glutamate receptors (NMDA-Rs) in immunopanned RGCs isolated from neonatal or adult rats.
Voltage-gated Ca2+ channels and AMPA/kainate-Rs contributed a smaller portion of the Ca2+

response at saturating concentrations of glutamate. Consistent with NMDA-R involvement,
extracellular Mg2+ inhibited RGC glutamate responses, while glycine had a potentiating effect.
With Mg2+ present externally, the effect of AMPA/kainate-R antagonists was enhanced and both
NMDA- and AMPA/kainate-R antagonists greatly reduced the glutamate-induced increases of
RGC [Ca2+]i. This finding indicates that the primary contribution of AMPA/kainate-Rs to
RGC glutamatergic Ca2+ dynamics is through the depolarization-dependent relief of the Mg2+

block of NMDA-R channels. The effect of glutamate receptor antagonists on glutamatergic Ca2+

signals from RGCs in adult rat retinal wholemounts yielded results similar to those obtained
using immunopanned RGCs. Additional experiments on isolated RGCs revealed that during a 1 h
glutamate (10–1000 μm) exposure, 18–28% of RGCs exhibited delayed Ca2+ deregulation (DCD)
and the RGCs that underwent DCD were positive for the death marker annexin V. RGCs with
larger glutamate-evoked Ca2+ signals were more likely to undergo DCD, and NMDA-R blockade
significantly reduced the occurrence of DCD. Identifying the mechanisms underlying RGC
excitotoxicity aids in our understanding of the pathophysiology of retinal ischaemia, and this
work establishes a major role for NMDA-R-mediated increases in [Ca2+]i in glutamate-related
RGC death.
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The synaptic release of the excitatory neurotransmitter
glutamate onto retinal ganglion cell (RGC) dendrites is an
essential part of the visual pathway (reviewed by Thoreson
& Witkovsky, 1999; Yang, 2004), but excessive or prolonged
exposure to glutamate has long been considered lethal to
these retinal output neurons (Lucas & Newhouse, 1957;
Olney, 1969; Sisk & Kuwabara, 1985). While a rise in
intracellular calcium levels ([Ca2+]i) is a key factor in
the initiation of glutamate-related (excitotoxic) death of
neurons throughout the CNS (see Sattler & Tymianski,
2000; Khodorov, 2004), the dynamics of altered [Ca2+]i

that occur in RGCs undergoing excitotoxic death have yet
to be directly characterized.

This paper has online supplemental material.

N-Methyl-D-aspartate-type glutamate receptors
(NMDA-Rs) are permeable to Ca2+ (Mayer & Westbrook,
1987; Ascher & Nowak, 1988) and, consistent with
a role for NMDA-Rs in mediating excitotoxic RGC
death, intravitreal injections of the selective agonist
NMDA causes RGC loss in rodents in vivo (Siliprandi
et al. 1992; Lam et al. 1999; Schlamp et al. 2001;
Manabe et al. 2005; Nakazawa et al. 2005; Pernet et al.
2007; Reichstein et al. 2007). However, in addition to
NMDA-Rs, rodent RGCs have also been shown to possess
α-amino-3-hydroxy-5-methylisoxazole-4-propionate
(AMPA) and kainate-type ionotropic glutamate
receptors, based on electrophysiological recordings
(Aizenman et al. 1988; Taschenberger et al. 1995; Chen
& Diamond, 2002) and single-cell molecular profiling
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using RT-PCR (Jakobs et al. 2007). Although AMPA-
and kainate-Rs are generally less permeable to Ca2+

than NMDA-Rs, AMPA-Rs that lack the GluR2 subunit
are permeable to this cation (Jonas & Burnashev, 1995;
Dingledine et al. 1999) and therefore this receptor subclass
may also directly contribute to the glutamatergic Ca2+

responses of RGCs (see Osswald et al. 2007). Additionally,
the indirect activation of voltage-gated Ca2+ channels
(VGCCs), occurring after membrane depolarization due
to NMDA-R and/or AMPA/kainate-R stimulation, could
add to increases in RGC [Ca2+]i (Ishida et al. 1991;
Schubert & Akopian, 2004).

RGCs can be isolated into purified cultures using a
Thy1 immunopanning technique (Barres et al. 1988;
Meyer-Franke et al. 1995). This system should prove
advantageous for assessing the relationships between
glutamate, [Ca2+]i, and excitotoxicity in a central
neuron as it eliminates the potential for the modulation
of glutamatergic responses by neuroactive compounds
released by other cells present in mixed cultures or intact
tissue preparations. For example, treatment of mixed
retinal cultures (in which RGCs make up < 1% of the cell
population) with kainate causes an endogenous release
of glutamate that contributes to the effect of kainate on
RGCs (Sucher et al. 1991). However, investigations of
excitotoxic death in purified RGC cultures have generated
conflicting data that contradict previous in vivo studies
(described above) linking NMDA-Rs to RGC death.
Otori et al. (1998) reported that glutamate-induced Ca2+

influx and excitotoxicity occurs in immunopanned RGCs
through activation of AMPA/kainate-Rs (due to similar
pharmacology, AMPA- and kainate-Rs are often grouped
together) rather than NMDA-Rs. In contrast, the findings
of Ullian et al. (2004) suggest that RGCs in purified
cultures, although expressing functional NMDA-Rs, are
invulnerable to the excitotoxic actions of glutamate,
NMDA or kainate. In light of these discrepancies, the goal
of this work was to investigate the underlying pathways
of Ca2+ entry that contribute to glutamatergic Ca2+

responses in RGCs and to investigate the relationship of
[Ca2+]i to excitotoxic RGC death.

Methods

Purified RGC cultures

All procedures were performed in accordance with
the Dalhousie University Committee for the Use of
Laboratory Animals. Unless noted otherwise, chemicals
were obtained from Sigma-Aldrich (Oakville, ON,
Canada). Natural litters of Long–Evans rats (Charles
River, Montreal, QC, Canada) were killed at age
7–8 days postnatal by over-exposure to halothane vapours
and decapitation. Following enucleation, the retinas
were dissected from the eyes in Hibernate-A medium

(BrainBits, Springfield, IL, USA) with 2% B27
supplements (Invitrogen, Burlington, ON, USA) and
10 μg ml−1 gentamicin. The retinas were incubated for
30 min at 37◦C in 10 ml Ca2+/Mg2+-free Dulbecco’s
phosphate-buffered saline (DPBS; Invitrogen) containing
165 units of papain (Worthington Biochemicals,
Lakewood, NJ, USA), 1 mM L-cysteine, and 0.004% DNase,
and then mechanically triturated in an enzyme inhibitor
solution of DPBS (with Ca2+ and Mg2+) containing
1.5 mg ml−1 ovomucoid (Roche Diagnostics, Laval, QC,
Canada), 1.5 mg ml−1 bovine serum albumin (BSA), and
0.004% DNase. The suspension was centrifuged (200 g for
11 min at 25◦C) and then washed in DPBS containing
higher concentrations (10 mg ml−1) of ovomucoid and
BSA. After spinning down, the cells were resuspended
in DPBS containing 0.2 mg ml−1 BSA and 5 μg ml−1

insulin prior to incubation on the panning plates. In
some experiments, RGC cultures were instead generated
from adult Long–Evans rats that were 6–15 weeks old
(3–4 rats per culture). Following dissection, the adult rat
retinas were dissociated using the same methodology as for
neonatal retinas except that a 60 min incubation period in
papain solution was applied prior to trituration due to the
more extensive synaptic connections in these aged retinas.

Purified RGC cultures (produced from either neonatal
or adult retinas) were generated from the dissociated cell
suspensions, as in previous work (see Hartwick et al.
2004, 2005 for details), using a two-step Thy1.1-based
immunopanning procedure that was described originally
by Barres et al. (1988). The immunopanned RGCs were
plated onto poly D-lysine/laminin-coated Biocoat glass
coverslips (12 mm; BD Biosciences, Bedford, MA, USA)
in four-well tissue culture plates at a density of 3.5 × 104

cells per well. The cells were cultured in 600 μl of
serum-free culture medium consisting of Neurobasal-A
with 2% B27 supplements, 1 mM glutamine, 50 ng ml−1

brain-derived neurotrophic factor (BDNF), 10 ng ml−1

ciliary neurotrophic factor (CNTF) (BDNF and CNTF
were generously provided by Regeneron, Tarrytown,
NY, USA), 5 μM forskolin, and 10 μg ml−1 gentamicin.
Cultures were maintained at 37◦C in a humidified 5%
CO2–air atmosphere. For Ca2+ imaging, coverslips with
plated cells were removed from the culture medium and
incubated at 37◦C for 30 min in a solution containing
esterfied Ca2+ indicator dye (5 μM fura-2 AM or fura-4F
AM, depending on the experiment; both from Invitrogen).
The fura dyes were first dissolved in dimethyl sulfoxide
(0.1% final concentration) and then solubilized in Hanks’
balanced salt solution (HBSS) with 0.1% pluronic acid
F-127 (Invitrogen).

Retinal wholemount preparation

Retinal wholemounts were prepared from adult
Long–Evans rats aged 6–10 weeks and RGCs were loaded
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with M r 10 000 dextran-conjugated fura Ca2+ indicator
dye (10% wt/vol, dissolved in purified water; Invitrogen).
The rats were killed by over-exposure to halothane
followed by decapitation. The eyes were enucleated, the
anterior segment removed, and the posterior eye-cups
were immersed in Hibernate-A medium with 2% B27
supplements for the retina dissection. Each retina was
carefully dissected and mounted on black filters (HABP
045; Millipore, Bedford, MA, USA) with the RGC layer
uppermost. A small volume (∼0.5 μl) of the fura dextran
was deposited into each retinal wholemount (passing
through all the retinal layers) using a tapered 26-gauge
needle fitted to a 10 μl syringe (Hamilton, Reno, NV,
USA). To allow the dextran to be retrogradely transported
to RGC somata, the wholemounts were then incubated
in the dark at room temperature in Hibernate-A/B27
medium for 7–12 h prior to Ca2+ imaging. Further
details on the technique of loading RGCs in retinal
wholemounts with fura dextran are described in previous
work (Baldridge, 1996; Hartwick et al. 2005).

Calcium imaging

Following fura dye loading, the isolated RGCs (on
coverslips) or retinal wholemounts (on filters) were
transferred to a microscope chamber that was constantly
superfused with 100% oxygen-bubbled HBSS. The HBSS
was warmed to 34–35◦C and delivered by a peristaltic
pump to the chamber at a flow rate of approximately
1 ml min−1. In most experiments, the HBSS (pH 7.4)
was modified to be nominally free of magnesium ions
(Mg2+) and contained 2.6 mM CaCl2 and 15 mM Hepes
buffer. For experiments testing the effect of extracellular
Mg2+, MgCl2 was substituted for some of the CaCl2

so that the final divalent concentrations were 0.8 mM

Mg2+ and 1.8 mM Ca2+, unless specified otherwise. The
fura-loaded RGCs were alternately stimulated with 340
and 380 nm light, with a period of excitation for each
wavelength of 1000–1500 ms for the retinal wholemounts
and 400 ms for the isolated cells. During treatments, image
pairs were collected as often as every 5 s (10 s for retinal
wholemounts) but to limit photodamage, images were
collected less frequently (20–40 s) during intervening peri-
ods. Details on the microscope rig and related apparatus
used for calcium imaging have been described in pre-
vious work (Hartwick et al. 2004; Hartwick et al. 2005).
The fluorescence images (8-bit processing, 4 × 4 binning)
were converted into ratiometric (340 nm/380 nm) data
by imaging software (Imaging Workbench 2.2, Axon
Instruments, Union City, CA, USA).

Glutamatergic Ca2+ dynamics were assessed in the
isolated RGCs using two treatment paradigms. RGCs were
either exposed to glutamate receptor agonists (glutamate,
glycine, NMDA, kainate; all dissolved directly in HBSS
on the day of the experiment; kainate was obtained

from Tocris, Ellisville, MO, USA) for a relatively brief
30 s pulse, or were treated with glutamate/glycine for
a prolonged 1 h period. RGCs in the 30 s treatment
experiments were loaded with high affinity fura-2 AM
(K D ∼224 nM) dye, while RGCs exposed to glutamate
for 1 h were loaded with low affinity fura-4F AM
(K D ∼770 nM) dye. For fura dextran-loaded RGCs
in retinal wholemounts, the treatment period with
glutamatergic agonists was 2 min and the glutamate trans-
porter inhibitor DL-threo-β-benzyloxyaspartate (TBOA;
Tocris) was added to the glutamate treatment solution. In
both prolonged glutamate exposure experiments on iso-
lated RGCs and experiments on retinal wholemounts, the
imaging rig was modified in that a 0.6× coupling tube
(HRP060; Diagnostic Instruments, Sterling Heights, MI,
USA) was placed between the CCD camera and micro-
scope to expand the field of view afforded by the 40×
objective.

Imaging analysis

For studies on isolated RGCs, circular regions of interest
were drawn around individual RGC somata, and the mean
fura ratio within each region was monitored throughout
the experiments. Background fluorescence was measured
from a region on the coverslip devoid of RGCs and sub-
tracted from each image. For the experiments in which
isolated RGCs were exposed to glutamate for 30 s pulses,
the fura-2 ratios (R) were converted to [Ca2+]i using the
formula:

[Ca2+]i = K d(F o/F s)[(R − Rmin)/(Rmax − R)]

with a K d for fura-2 of 224 nM, and where F o/F s is the
ratio of fluorescence intensity at 380 nm excitation in
Ca2+-free solution over the intensity in solution with
saturated Ca2+ levels (Grynkiewicz et al. 1985; Kao, 1994).
A sample (n = 5–15) of the isolated RGCs in a given
imaging session were superfused first with Ca2+-free
HBSS (10 mM Mg2+, 2 mM BAPTA, 10 μM ionomycin)
to determine the minimum value for the fura-2 ratio
(Rmin), and then with saturating Ca2+ solution (0.9%
saline with 20 mM Ca2+, 10 μM ionomycin) to determine
the maximum fura-2 ratio (Rmax). Mean values for F o/F s,
Rmin and Rmax were calculated from these RGCs and used
to convert the fura-2 ratios for other RGCs in the imaging
session to [Ca2+]i. The variability in these values from
different imaging sessions was relatively minor; for 10
consecutive calibration experiments, the mean Rmin was
0.26 ± 0.03 (S.D.) and the mean Rmax was 2.57 ± 0.12
(S.D.). Ca2+ influx was measured as the peak [Ca2+]i

obtained following each treatment (with glutamate or
related agonists) minus the average baseline [Ca2+]i

measured prior to the first treatment. In trials assessing
the effect of glutamate receptor antagonists and VGCC
blockers, RGCs that had a negligible response to glutamate
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(peak [Ca2+]i < 150 nM) were excluded from analysis. In
the prolonged glutamate exposure (1 h) experiments, the
initial Ca2+ influx (�fura-4F ratio) was measured as the
peak fura-4F ratio occurring during the first 400 s of the
glutamate treatment minus the average baseline ratio prior
to treatment.

For studies on RGCs in retinal wholemounts, the mean
fura ratio was monitored in RGC somata that exhibited
fluorescence with 380 nm excitation. As in previous work
(Hartwick et al. 2005), all experiments were performed
on dextran-loaded cell bodies that were located in the
GCL near labelled RGC axon bundles, and that were
> 200 μm from the dextran injection site to ensure that
imaged cells were RGCs. The response to each treatment
was calculated as the �fura ratio, the peak fura ratio
minus baseline fura ratio. The baseline fura ratio for every
cell was calculated as the average fura ratio measured in
the three images prior to each treatment, and the peak
ratio was the maximum ratio value obtained in the 400 s
following each treatment. For illustration, fura ratio traces
of RGCs from retinal wholemounts were slope-corrected
for a gradual decrease in baseline ratio due to decreasing
background fluorescence. All data analysis was performed
on the non-baseline-corrected raw data. Data from either
isolated RGCs or retinal wholemount preparations are
presented as means ± S.D.

RGC death assay

After the 1 h glutamate exposure, RGCs were imaged
for another 15 min to monitor for recovery. The super-
fusing HBSS was then stopped and 5 μl of fluorescently
tagged annexin V (Alexa Fluor 488 annexin V; Invitrogen)
was added to the microscope chamber (chamber volume
∼0.5 ml) to compare the Ca2+ imaging data with a marker
of cell death. After 10 min incubation, the flow of HBSS
was resumed for 5 min to wash. Images of annexin V
fluorescence were captured with the CCD camera using
an FITC filter set (XF100 set; excitation 475 nm, emission
535 nm; dichroic 505 nm; Omega Optical) and saved,
through the imaging software program, with and without
the circular regions of interest that had been drawn for
Ca2+ imaging. Annexin V fluorescence was assessed using
Photoshop 5.0 software (Adobe Systems, San Jose, CA,
USA). Using the histogram function, a cell was deemed
annexin V positive if the mean luminance minus 1 S.D.
within its outlined region of interest was greater than back-
ground luminance in a section devoid of cells.

Results

Glutamatergic Ca2+ dynamics of neonatal rat RGCs

Ca2+ imaging experiments were performed on cultured
RGCs 1–3 days after their isolation through Thy1-based
immunopanning. Upon loading of fura-2 Ca2+ indicator

dye, the isolated RGCs typically displayed a bi-lobed
pattern of fluorescence, under either 340 or 380 nm
excitation, presumably due to an asymmetrical nucleus
position (Fig. 1A). To investigate the relationship of
glutamate concentrations to Ca2+ responses, isolated
RGCs (n = 38; pooled from 8 imaging experiments on
RGCs from 3 separate cultures) were challenged with
30 s treatments of 1, 10, 50 and 100 μM glutamate
(example trace in Fig. 1D). Glycine (10 μM), a coagonist
with glutamate for NMDA-Rs (Johnson & Ascher,
1987), was included in all glutamate treatment solutions,
and the superfusing HBSS was nominally Mg2+-free.
The mean changes (peak response minus baseline) in
fura-2 fluorescence ratios (340/380 nm; measured in RGC
somata; Fig. 1B and C) induced by the different glutamate
concentrations are shown in Fig. 1E. The ratiometric data
from these experiments (and in subsequent fura-2 imaging
experiments on the isolated cells) were also converted to
absolute [Ca2+]i (see Methods for calibration details) to
give an approximation of the magnitude of the rise in
[Ca2+]i caused by the glutamate treatments (Fig. 1E). The
responses to the four different glutamate concentrations
were all significantly different from each other (P < 0.01,
Friedman ANOVA, Tukey; using either �fura-2 ratio or
�[Ca2+]i data) with the exception of 50 versus 100 μM

(P > 0.05), indicating that 50 μM glutamate was sufficient
to evoke the maximum Ca2+ response. During the 1 μM

glutamate treatments, there was negligible alteration in
[Ca2+]i from baseline levels (rise of 35 nM ± 37 from
a mean baseline [Ca2+]i of 70 nM ± 24), signifying that
this concentration was below the threshold required
to consistently elicit a response under our recording
conditions. The rises in [Ca2+]i produced by the 10 μM

glutamate exposures were, on average, roughly one-half
(51.9% ± 25.2; within-cell analysis) of those elicited by
the saturating 100 μM glutamate treatments.

In addition to glutamate, increases in RGC [Ca2+]i also
occurred following application of either NMDA or kainate,
selective ligands for NMDA-Rs and AMPA/kainate-Rs,
respectively (Fig. 2). In a direct comparison of the Ca2+

signal induced by 200 μM NMDA (with 10 μM glycine)
to that by increasing concentrations of kainate in isolated
RGCs (n = 33), the magnitude of NMDA-induced Ca2+

influx (363 nM ± 357) was similar (P > 0.05, q = 0.202,
Friedman ANOVA, Tukey) to that due to 200 μM kainate
(398 nM ± 499) but was significantly (P < 0.01) greater
and smaller than the responses elicited by 100 μM

(104 ± 189 nM) and 300 μM (907 ± 786 nM) kainate,
respectively (example trace in Fig. 2A). As expected,
RGC responses to NMDA were highly dependent on
the presence of the NMDA-R coagonist glycine in the
treatment solution (Fig. 2B). The RGC Ca2+ signals
stimulated by 200 μM NMDA alone were significantly
less (P < 0.001, Wilcoxon) than the signal produced by
200 μM NMDA plus 10 μM glycine (in n = 34 RGCs,
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the normalized NMDA-induced �[Ca2+]i was only
25.3 ± 11.9% of the same RGCs’ response to NMDA
plus glycine), but glycine did not significantly (P = 0.134,
Wilcoxon) enhance kainate responses (n = 19 RGCs
treated with 200 μM kainate alone and then 200 μM

kainate plus 10 μM glycine). In addition to Ca2+ influx
linked to ionotropic glutamate receptors, the stimulation
of group I metabotropic glutamate receptors (mGluR) can
produce a rise in [Ca2+]i in many CNS neurons (Linden
et al. 1994; Guatteo et al. 1999). However, the selective
group I mGluR agonist (S)-3,5-dihydroxyphenylglycine
hydrate (DHPG) had no direct effect on the [Ca2+]i

of the immunopanned RGCs (Fig. 2C; representative
of n = 15 RGCs tested), and therefore we focused on
ionotropic glutamate receptors for the remainder of the
study.

Figure 1. Concentration–response relationship for glutamate-induced increases of [Ca2+]i in cultured
RGCs isolated from neonatal rats
A, fluorescence (380 nm excitation, 510 nm emission) of immunopanned RGCs loaded with the Ca2+ indicator
dye fura-2 AM. Scale bar = 25 μm. B and C, pseudocolour images of fura-2 fluorescence ratios (340/380 nm)
in same RGCs at baseline (B) and at peak response to 100 μM glutamate (C). D, example trace (fura-2 ratios
converted to [Ca2+]i) from an isolated RGC exposed for 30 s to 1, 10, 50 and 100 μM glutamate (plus 10 μM

glycine; extracellular Mg2+ absent). E, summary of mean (±1 S.D.; n = 38 RGCs) responses produced by the
glutamate treatments. Both the �[Ca2+]i and the �fura-2 ratios (peak response minus baseline) are shown.

Mechanisms of glutamate-induced Ca2+ influx
in isolated RGCs

The experiments with the glutamatergic agonists NMDA
and kainate confirmed that there are at least two distinct
pathways through which glutamate could potentially
influence RGC [Ca2+]i. Glutamate is the natural endo-
genous ligand for glutamate receptors, and its action can
differ from that of its related agonists. In particular, the
activation of AMPA-Rs by glutamate is accompanied by
rapid desensitization, but this desensitization is markedly
reduced if AMPA-Rs are instead stimulated with kainate
(Dingledine et al. 1999). Therefore, the magnitude of
kainate-induced Ca2+ influx may be exaggerated, as
compared to that mediated by glutamate stimulation of
AMPA/kainate-Rs.
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To test the relative contribution of NMDA-R and
AMPA/kainate-R-mediated pathways, we assessed the
effect of the respective antagonists D(−)-2-amino-5-
phosphonopentanoic acid (APV) and 2,3-dihydro-6-
nitro-7-sulfamoyl-benzo(f)quinoxaline (NBQX) on the
Ca2+ signal produced by a 30 s treatment of 10 and 100 μM

glutamate (plus 10 μM glycine). These concentrations
were chosen because, as shown in Fig. 1, they elicited the
near-threshold (10 μM) and maximum (100 μM) Ca2+

responses in the isolated RGCs in Mg2+-free conditions.
NBQX was used as the AMPA/kainate-R antagonist
because it was observed in initial experiments that the
related quinoxalines 6,7-dinitroquinoxaline-2,3-dione
(DNQX) and 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) quenched fura-2 fluorescence and absorbed
light preferentially at 340 nm relative to 380 nm. Unlike
DNQX and CNQX at the same concentration, 25 μM

NBQX did not artificially alter the ratiometric data (see
online Supplemental material).

The NMDA-R antagonist APV (100 μM) greatly
(P < 0.01, Friedman ANOVA, Tukey; as compared to
both initial and recovery responses with APV absent)
reduced the [Ca2+]i elevation that occurred with either
10 or 100 μM glutamate treatment (Fig. 3A, C and
D). The AMPA/kainate-R antagonist NBQX (25 μM)
did not affect (P = 0.418, Friedman ANOVA) RGC
responses to 10 μM glutamate, but it did have a small
yet significant (P < 0.01, Friedman ANOVA, Tukey) effect
on 100 μM glutamate responses (Fig. 3B, C and D). These
results indicate that glutamate-induced Ca2+ influx occurs
predominantly through NMDA-R activation, although
at higher glutamate concentrations there is a small
AMPA/kainate-R contribution. Glycine was included in
the glutamate treatment solutions because it is a coagonist
with glutamate at NMDA-Rs (Johnson & Ascher, 1987),
and there is evidence that endogenous retinal levels of
glycine or D-serine sufficiently activate the glycine binding

Figure 2. NMDA- and kainate-induced Ca2+ influx in isolated RGCs
A, example fura-2 ratio trace for an RGC treated with 200 μM NMDA plus 10 μM glycine, and then 100, 200
and 300 μM kainate. B, glycine (10 μM) significantly enhanced the response evoked by 200 μM NMDA, but not
200 μM kainate. C, in contrast to glutamate, NMDA or kainate, the metabotropic glutamate receptor agonist
DHPG (100 μM) had no direct effect on RGC [Ca2+]i. Mg2+-free HBSS was used as the extracellular solution.

site of RGC NMDA-Rs in vivo (Hama et al. 2006). While
glycine had no effect on RGC [Ca2+]i on its own, the
addition of glycine to the glutamate solutions significantly
(P < 0.05, Friedman ANOVA, Tukey) enhanced RGC
responses (Fig. 3E and F), and this is consistent with
NMDA-Rs mediating the glutamate-related rise in RGC
[Ca2+]i.

We next sought to assess the contribution of VGCCs to
glutamate-evoked changes in [Ca2+]i, as Ca2+ could also
pass through these channels following the RGC membrane
depolarization induced by glutamate treatment. We first
attempted to inhibit all VGCC types with the non-selective
blocker cadmium, but this divalent cation interfered with
the fura-2 dye (data not shown). Instead, RGCs were
stimulated with glutamate, NMDA or kainate in the
presence of 5 μM ω-conotoxin GVIA plus 10 μM

verapamil, concentrations that have been shown to
inhibit N- and L- type (CaV2.2 and CaV1 of more
recent nomenclature) VGCCs, respectively, in isolated
cells (Freedman et al. 1984; Boland et al. 1994).
Verapamil was used rather than the L-type VGCC
blocker nifedipine, because the latter compound absorbed
asymmetrically at the 340 and 380 nm excitation wave-
lengths (see Supplemental material for illustration of the
effect of asymmetrical fluorescence quenching on fura-2
ratiometric Ca2+ imaging). It has previously been shown
that 10 μM verapamil significantly reduced the overall
change in intracellular Ca2+ in isolated rat retinas exposed
to NMDA (Melena & Osborne, 2001).

The VGCC blocking cocktail of verapamil and
ω-conotoxin GVIA significantly (P < 0.05, Friedman
ANOVA, Tukey) reduced the Ca2+ influx induced
by either 100 μM glutamate or 200 μM kainate, but
did not (P > 0.05) alter RGC responses to 10 μM

glutamate or 200 μM NMDA (Fig. 4). These results
suggest that VGCCs are not involved in Ca2+ signals
produced by a near-threshold glutamate dose (10 μM), but
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these channels do contribute significantly to changes in
[Ca2+]i evoked by a saturating glutamate concentration
(100 μM) in the isolated RGCs. A concentration of
200 μM was used for both NMDA and kainate, as
these concentrations had been shown to elicit roughly
equivalent Ca2+ signals (see Fig. 2A). In accord, the mean
magnitude of Ca2+ responses evoked by 200 μM kainate

Figure 3. Effect of glutamate (Glut) receptor antagonists and glycine (Gly) on glutamate-induced Ca2+
influx in isolated RGCs
A and B, example fura-2 ratio traces illustrating effects of NMDA-R antagonist APV (A) and AMPA/kainate-R
antagonist NBQX (B) on Ca2+ signals evoked by 100 μM Glut. C and D, mean data (+1 S.D.) showing effect of
antagonists on Ca2+ influx due to 10 μM (C) and 100 μM (D) Glut treatments (with 10 μM Gly; extracellular Mg2+
absent). Ca2+ influx in these experiments was calculated as the change in [Ca2+]i, following conversion of the
fura-2 ratios through calibration experiments, and the data was normalized to initial RGC glutamate responses
(dashed line). E and F, example fura-2 ratio trace (E) and mean normalized data (+1 S.D.) (F) summarizing effect of
50 μM Gly alone, 10 μM Glut alone, 10 μM Glut plus 10 μM Gly, and 10 μM Glut plus 50 μM Gly on RGCs (n = 14).
Gly alone did not affect [Ca2+]i, but potentiated RGC responses to Glut. ∗P < 0.05, ∗∗P < 0.01, Friedman ANOVA,
Tukey, within-cell comparisons on normalized data.

was not significantly different (P = 0.91, t test) from the
magnitude of responses produced by 200 μM NMDA (with
10 μM glycine) treatment. These results indicate a greater
role for VGCCs in AMPA/kainate-R-mediated Ca2+ signals
relative to comparable NMDA-R-drive responses.

The superfusing HBSS used in all Ca2+ imaging
experiments presented so far was nominally Mg2+-free.
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Mg2+ is known to exert a voltage-dependent block
of the NMDA-R channel pore (Mayer et al. 1984;
Nowak et al. 1984). In the presence of 0.8 mM Mg2+,
the magnitude of the Ca2+ signal induced by various
glutamate concentrations was blunted as compared to
recordings in Mg2+-free HBSS, with 10 and 100 μM

glutamate often being below threshold (example trace in
Fig. 5A; compare to Fig. 1D). To directly test the effect of
extracellular Mg2+, isolated RGCs (n = 12) were exposed
to consecutive glutamate treatments (10 μM; with 10 μM

glycine) while the superfusing solution alternated between
Mg2+-free HBSS and HBSS containing 0.8 mM Mg2+

(Fig. 5B). Glutamate-induced Ca2+ influx was significantly
diminished (P < 0.01, Friedman ANOVA, Tukey) with
extracellular Mg2+ present as compared to initial and
recovery responses in Mg2+-free HBSS (Fig. 5C). In these
experiments, the concentration of Ca2+ was reduced in
the Mg2+-containing HBSS in order to keep the over-
all divalent cation levels constant. To control for the

Figure 4. Effect of voltage-gated Ca2+ channel (VGCC) inhibition on glutamatergic RGC Ca2+ influx
A–C, representative fura-2 ratio traces for RGCs treated with 100 μM glutamate (A), 200 μM NMDA (B) and
200 μM kainate (C) in the presence or absence of 5 μM ω-conotoxin GVIA and 10 μM verapamil. D, mean data
(+1 S.D.) showing effects of VGCC blocking cocktail on Ca2+ influx induced by 10 μM and 100 μM glutamate,
200 μM NMDA and 200 μM kainate (extracellular Mg2+ absent; 10 μM glycine added to glutamate and NMDA
solutions). Ca2+ influx was the change in [Ca2+]i due to treatment, and was normalized to the initial glutamate,
NMDA or kainate responses (dashed line). ∗P < 0.05, ∗∗P < 0.01, Friedman ANOVA, Tukey, compared to initial
and recovery responses.

possibility that it was the decreased Ca2+, rather than
the presence of Mg2+, that caused the reduction in
the glutamate-induced Ca2+ responses, we performed
additional control experiments in which only the Ca2+

concentration of the external solution was varied. RGC
responses to 10 μM glutamate (with glycine) in Mg2+-free
HBSS containing 1.8 mM Ca2+ were 95 ± 36% (n = 49;
within-cell analysis) of those obtained after switching the
cells to Mg2+-free HBSS containing 2.6 mM Ca2+, and were
not significantly different (P > 0.05, Wilcoxon). Thus, the
reduction in the RGC glutamate responses illustrated in
Fig. 5A–C was directly due to the addition of extracellular
Mg2+.

The effects of glutamate receptor antagonists were
then re-assessed on RGCs challenged with 1000 μM

glutamate with 0.8 mM Mg2+ present. Only RGCs
exhibiting a �[Ca2+]i of at least 150 nM (roughly
equivalent to a �fura-2 ratio of 0.2) due to glutamate
treatment were included in analysis. Under these

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society



J Physiol 586.14 Glutamatergic RGC calcium dynamics 3433

conditions, the AMPA-kainate-R antagonist NBQX
(25 μM) reduced (P < 0.01, Friedman ANOVA, Tukey)
the glutamate-evoked Ca2+ signals (Fig. 5E and F). The
NMDA-R antagonist APV, at 100 μM, had a small but
significant (P < 0.05) effect (Fig. 5F). However, the effect
of APV was greater at increasing concentrations (data not
shown), suggesting that this competitive antagonist was
being out-competed by the high (1000 μM) glutamate
concentration. To confirm this hypothesis, we tested
the non-competitive NMDA-R channel blocker MK-801
(10 μM), and found that this antagonist exhibited a strong
inhibitory effect (P < 0.01; Fig. 5D and F). Therefore,
in the presence of external Mg2+, antagonism of either
NMDA-Rs or AMPA/kainate-Rs resulted in near abolition
of glutamate-induced Ca2+ influx.

Figure 5. Effect of extracellular Mg2+ on glutamate-induced Ca2+ influx in isolated RGCs
A, fura-2 ratio trace for an RGC, in HBSS containing 0.8 mM Mg2+, exposed to 10, 100 and 1000 μM glutamate
(plus 10 μM glycine). Responses to lower glutamate concentrations (≤ 100 μM) were attenuated with Mg2+
present, but note that RGC still responded to 200 μM kainate (indicating AMPA/kainate-Rs were not inhibited by
the extracellular Mg2+). B and C, representative trace (B) and mean normalized Ca2+ influx (change in [Ca2+]i +1
S.D.) (C) for RGCs (n = 12) treated with 10 μM glutamate in the absence or presence of 0.8 mM Mg2+. D and
E, fura-2 ratio traces illustrating effect of NMDA-R antagonist MK-801 (10 μM) (D) and AMPA/kainate-R antagonist
NBQX (25 μM) (E) on RGC Ca2+ influx evoked by 1000 μM glutamate (plus 10 μM glycine) in HBSS containing
0.8 mM Mg2+. F, mean data (+1 S.D.) for effect of NMDA-R antagonists (hatched bars) and AMPA/kainate-R
antagonist (filled bar) on glutamate-induced Ca2+ influx (normalized to initial response; dashed line). ∗P < 0.05,
∗∗P < 0.01, Friedman ANOVA, Tukey, compared to initial and recovery responses.

Glutamate-induced Ca2+ influx in adult rat RGCs:
isolated cells and retinal wholemounts

All preceding experiments were performed on purified
RGC cultures generated from neonatal rats (age 7–8 post-
natal days). At this age, RGC dendrites are just beginning
to form functional glutamatergic synapses with retinal
bipolar cells (Bansal et al. 2000; Wong et al. 2000), raising
the possibility that RGC glutamate receptor expression in
neonates differs from adults. Embryonic or early postnatal
animals have traditionally been used for neuronal cultures,
as the neurons at younger ages have not yet formed
extensive synaptic connections and are generally thought
to be less susceptible to damage during dissociation. To test
whether the mechanisms underlying glutamate-induced
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Ca2+ influx change as rats mature, purified RGC cultures
were generated from adult rats (age 6–15 weeks) using the
Thy1 immunopanning technique.

The yield of immunopanned RGCs extracted from
adult retinas ranged between 10 000 and 17 000 RGCs per
retina, as compared to 25 000–40 000 RGCs per retina for
neonatal rats. This reduction is not due to developmental
RGC loss as the total number of RGCs at age 7–8 days
is roughly the same as in adult rats (Potts et al. 1982),
but is likely to be due to the loss of more cells to
damage during dissociation. In contrast to immuno-
panned RGCs from neonatal rats, RGCs isolated from
adult rat retinas displayed little neurite outgrowth in
culture (Fig. 6A). Despite this morphological difference,
glutamate-induced Ca2+ influx (with glycine present
and extracellular Mg2+ absent) was primarily mediated
through NMDA-R activation in cultured adult RGCs as in
neonatal RGCs. The NMDA-R antagonist APV (100 μM)
significantly reduced (P < 0.01, Friedman ANOVA, Tukey,
compared to both initial and recovery responses) the
Ca2+ influx induced by 10 μM or 100 μM glutamate, while
the AMPA/kainate-R antagonist NBQX had negligible
(P > 0.05) effect (Fig. 6B and C). Also similar to the

Figure 6. Glutamate-induced Ca2+ influx in immunopanned RGCs generated from adult rats
A, DIC images of RGCs isolated from adult (6 weeks old) and neonatal (8 days old) rats after 4 days in vitro (DIV).
In contrast to neonatal RGCs, adult RGCs exhibited little to no neurite outgrowth even after 4 days in culture.
Scale bars = 25 μm. B, representative trace illustrating effect of NMDA-R antagonist APV on adult RGC responses
to 100 μM glutamate (with 10 μM glycine; extracellular Mg2+ absent). C, mean data (change in [Ca2+]i +1 S.D.)
showing effect of glutamate receptor antagonists and extracellular Mg2+ on Ca2+ responses evoked by 10 and
100 μM glutamate in RGCs isolated from adult rats (normalized to initial response; dashed line). ∗∗P < 0.01,
Friedman ANOVA, Tukey, compared to initial and recovery responses.

neonatal RGCs, the Ca2+ responses of isolated adult RGCs
exposed to 10 μM glutamate were significantly (P < 0.01)
reduced with 0.8 mM Mg2+ present (Fig. 6C; experimental
protocol same as shown in Fig. 5B)

To determine whether the mechanisms underlying
glutamatergic Ca2+ dynamics were altered by the
dissociation procedure, we next tested the relative
effectiveness of glutamate receptor antagonists on RGCs in
retinal wholemounts prepared from adult rats. RGCs were
retrogradely loaded with dextran-conjugated fura Ca2+

indicator dye (Fig. 7A) following injection of the dye into
the filter-mounted retinas. Due to intercell differences in
dye loading inherent with this technique (see Hartwick
et al. 2005) and due to changing background fluorescence
(attributed to the washing out of excess fura dextran that
remained on the retinal surface from the injection), a valid
calibration of the ratiometic data to absolute [Ca2+]i was
not possible and Ca2+ responses were measured as the
raw changes in fura fluorescence ratios. As demonstrated
in previous work (Hartwick et al. 2005), micromolar
concentrations of glutamate were ineffective at stimulating
an RGC Ca2+ response in this preparation. This is due
to the efficiency of retinal glutamate uptake that quickly
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removes glutamate, but not NMDA or kainate, from the
extracellular milieu. At 500 μM, glutamate did elicit a
detectable Ca2+ signal when coapplied with the glutamate
transporter inhibitor TBOA (Fig. 7B and C). In Mg2+-free

Figure 7. Glutamatergic Ca2+ dynamics of RGCs in adult rat retinal wholemounts
A, montage of fluorescence micrographs (380 nm excitation, 510 emission) showing retrograde loading of RGC
somata following injection of fura dextran into the retinal wholemount at the site denoted by an asterisk. Scale
bar = 50 μm. The encircled area is shown at higher magnification to highlight individual dye-loaded RGC somata.
B, representative trace illustrating that glutamate is more effective at evoking a detectable Ca2+ signal when
coapplied with the glutamate transporter inhibitor TBOA, and the glutamate plus TBOA response is blocked
by APV but not affected by NBQX with extracellular Mg2+ absent. C, mean normalized data (�fura ratio +1
S.D.) summarizing effect of glutamate receptor antagonists on RGC responses in Mg2+-free conditions. D and
E, example trace (D) and mean normalized data (E) showing inhibitory effect of extracellular Mg2+ (0.8 mM) on
RGC responses to glutamate plus TBOA in this intact retina preparation. F, mean normalized data summarizing
effect of glutamate receptor antagonists on glutamatergic RGC responses with 0.8 mM extracellular Mg2+ present.
∗∗P < 0.01, Friedman ANOVA, Tukey, compared to initial and recovery responses to glutamate plus TBOA.

conditions, the RGC responses to glutamate plus TBOA
were significantly (P < 0.01, Friedman ANOVA, Tukey)
reduced by APV but not (P > 0.05) by NBQX (Fig. 7B
and C). Upon perfusion of the retinas with 0.8 mM
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Mg2+, RGC Ca2+ responses were again smaller (P < 0.01)
relative to the responses elicited from the same RGCs
with extracellular Mg2+ absent (Fig. 7D and E). With
0.8 mM Mg2+ present in the external solution, the RGC
Ca2+ responses evoked by glutamate plus TBOA were
significantly (P < 0.01) inhibited by either APV and NBQX
(Fig. 7F). Therefore, as in isolated RGCs, NMDA-Rs had
a predominant role in mediating the glutamate-induced
rise in RGC Ca2+ levels in this intact retina preparation
in Mg2+-free conditions, while the activation of both
NMDA-Rs and AMPA/kainate-Rs facilitates RGC Ca2+

responses with extracellular Mg2+ present (see Discussion
for further explanation).

RGC calcium dynamics and deregulation during
prolonged glutamate exposure

RGC Ca2+ dynamics were next monitored during a
more prolonged glutamate exposure of 1 h. For these
experiments, immunopanned RGCs from neonatal rats
were again used, and all experiments were performed
in Mg2+-free HBSS unless otherwise specified. In other
central neurons, it has been reported that the high
affinity Ca2+ indicator fura-2 can underestimate the rise in
[Ca2+]i associated with glutamate excitotoxicity due to dye
saturation (Hyrc et al. 1997; Stout & Reynolds, 1999). To
minimize this possibility, the low-affinity Ca2+ indicator
dye fura-4F (K D ∼770 nM) was instead employed. The
overall design of these experiments is illustrated in
Fig. 8. The fura-4F ratio was monitored in RGCs treated
for 1 h with different concentrations of glutamate plus
10 μM glycine. Upon glutamate exposure, RGCs generally
exhibited an abrupt rise in the fura-4F ratio, which was
then maintained at a relatively stable level (Fig. 8C).
Cells that maintained this [Ca2+]i homeostasis throughout
the 1 h exposure showed recovery towards baseline levels
during the ensuing 15 min wash-out period. However,
certain cells exhibited a latent loss in Ca2+ homeostasis
that was characterized by a large and irreversible rise
in the fura-4F ratio. Cells that underwent this delayed
Ca2+ deregulation (DCD), previously described in other
central neurons (Manev et al. 1989; Randall & Thayer,
1992; Tymianski et al. 1993; Rajdev & Reynolds, 1994),
showed no recovery during the wash-out period, with the
fura-4F ratio remaining elevated (Fig. 8E). Calibration
of fura-4F ratios to [Ca2+]i was not performed because
the irreversible rise in [Ca2+]i that occurred during DCD
exceeded the dynamic range of the fura-4F indicator dye.

At the end of some of these experiments, the cells were
incubated with fluorescently tagged annexin V that had
been added to the microscope chamber. During apoptosis,
the lipid phosphatidylserine is translocated from the
cytoplasmic side of the plasma membrane to its outer
surface (Koopman et al. 1994), and therefore annexin

V fluorescence can be used to identify apoptotic cells.
Necrotic cells can also be stained by annexin V, as this
marker can enter lysed cells and stain phosphatidylserine
on the inner membrane surface. Annexin V fluorescence
was therefore used as a general marker for cell death, rather
than to distinguish apoptosis from necrosis. As evident in
Fig. 8F , the three cells that underwent Ca2+ deregulation
(denoted by numbers 5, 9 and 12) were stained by annexin
V at the conclusion of the experiment.

To be consistent with the studies employing 30 s
glutamate treatments (Figs 1–5), the effect of a 1 h
exposure to glutamate in the presence and absence of
glutamate receptor blockers (Figs 9 and 10) was tested
on RGCs that had been cultured for 1–3 days. Cells
from short-term cultures were chosen for experiments
throughout this work because the purified RGCs are likely
to receive much less glutamatergic stimulation in culture
as compared to in vivo, and it was not known whether
glutamate receptor expression and/or Ca2+ buffering is
consequently altered in RGCs during long-term culture.
However, a concern with the use of semiacute cultures is
that RGCs that had been injured during the dissociation
process may not have yet been completely eliminated from
the cultures. The Ca2+ imaging technique provided two
separate measures of cell viability to preclude unhealthy
cells from influencing the results regarding the neuro-
toxicity of glutamate. First, similar to the commonly used
cell viability marker calcein AM, the fura dye contains
an AM ester that must be enzymatically cleaved by
endogenous esterases in order for cells to exhibit fura
fluorescence. Thus, unviable cells could not be imaged
and were automatically excluded from these experiments
(see two example annexin V-positive cells, denoted by
arrows in Fig. 8A, B and D–F , which showed negligible
fura fluorescence). Second, RGCs that exhibited elevated
baseline fura ratios (such as annexin V-positive cell 4 in
Fig. 8A, B and D–F , denoted by green trace in Fig. 8C) were
deemed unhealthy and excluded from analysis (a criterion
of baseline fura-4F ratio > 0.3 was used to exclude cells).
Furthermore, to determine whether DCD occurrence was
unique to acute RGC cultures, a group of RGCs (n = 34)
that had been cultured for 7 days were treated with 100 μM

glutamate for 1 h. DCD was observed in 14.7% (5 of 34)
of these RGCs (see example in Fig. 8G), confirming that
this phenomenon also occurs in RGCs cultured for 1 week.
The morphological changes exhibited by a representative
DIV 7 RGC undergoing excitotoxic death is illustrated in
Fig. 8H and in Supplemental Movie 1.

For the data shown in Figs 9 and 10, all results are based
on the pooled data from at least three different immuno-
panned RGC cultures. Ca2+ influx in these experiments
was calculated as the �fura-4F ratio, the peak ratio during
the first 400 s of glutamate exposure minus the mean base-
line ratio before glutamate treatment. The time frame of
400 s was utilized in order to compare the Ca2+ levels,
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Figure 8. Excitotoxic death of isolated RGCs is associated with delayed calcium deregulation (DCD)
A and B, DIC image (A) and pseudocolour image (B) of the fura-4F ratio (340/380 nm) of example RGCs, isolated
from neonatal rats (first day in vitro [DIV]), prior to glutamate exposure. C, the fura-4F ratio was monitored in
these RGCs while they were continuously superfused with 1000 μM glutamate (plus 10 μM glycine; in Mg2+-free
HBSS) for 1 h, followed by 15 min wash-out. Of the 13 RGCs imaged, 9 cells maintained homeostatic Ca2+ levels
throughout glutamate treatment and recovered towards baseline levels during wash-out (blue traces). DCD was
evident in 3 cells (denoted by numbers 5, 9 and 12), and was characterized by a large increase in the fura ratio with
no recovery (red traces). RGCs with elevated baseline fura ratios (> 0.3), such as cell 4 (green trace), were excluded
from analysis. D–F, DIC image (D), pseudocolour image of the fura-4F ratio (E) and annexin V fluorescence (F) in
these same cells after glutamate exposure and wash-out. The DCD-exhibiting RGCs (cells 5, 9 and 12) and the RGC
with elevated baseline [Ca2+]i (cell 4) were stained by the death marker annexin V. Note that the cells denoted by
the arrows also were annexin V-positive, but these unviable cells did not load the fura dye (absent from ratiometric
images). G, fura-4F ratio traces for five RGCs on DIV 7 that were treated with 100 μM glutamate (plus 10 μM

glycine; in Mg2+-free HBSS) for 1 h. Inset: fura fluorescence image (380 nm excitation) of the corresponding five
RGCs from which the fura traces were recorded, with enhanced contrast for neurite visualization. H, DIC images
of a glutamate-treated RGC (DIV 7), illustrating the morphological changes that occur in an RGC undergoing
excitotoxic death (see Supplemental Movie 1).
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prior to the onset of DCD, of those cells that deregulated
versus those that did not (no cells underwent deregulation
during the first 400 s). Also, the peak fura ratio (not
including the increase associated with DCD) generally
occurred during this initial response before decaying to
a stable level. There was no significant difference in the
mean initial Ca2+ influx between cells treated with either
100 μM or 1000 μM glutamate, while the influx induced
by 10 μM glutamate was slightly less (P < 0.05, Q = 3.001,
Kruskal–Wallis ANOVA, Dunn’s) than that for 100 μM

(Fig. 9A). These results are consistent with the findings in

Figure 9. Relationship of glutamate concentration and Ca2+ influx to DCD incidence in isolated RGCs
A, mean Ca2+ influx (peak fura-4F ratio over first 400 s of glutamate exposure minus baseline ratio; +1 S.D.)
induced by 10, 100 and 1000 μM glutamate (plus 10 μM glycine; in Mg2+-free HBSS) during the 1 h glutamate
exposure. B, the proportion of cells exhibiting DCD in each treatment group. A group of RGCs were maintained in
HBSS for 1 h (glutamate absent) as controls. C and D, box-plots of pooled data for all RGCs treated with glutamate
(10–1000 μM; n = 209) illustrating that Ca2+ responses were significantly related to initial Ca2+ influx (C), but not
to baseline Ca2+ levels (D). The upper and lower boundaries of the box indicate the 75th and 25th percentiles,
the line within the box marks the median, the whiskers above and below the box indicate the 90th and 10th
percentiles, while the points represent outlying data. E, of the 209 RGCs treated with glutamate, 186 of these
RGCs were examined for annexin V fluorescence at the conclusion of the experiment. Annexin V staining paralleled
the imaging data, confirming that DCD was associated with cellular death. ∗P < 0.05, ∗∗P < 0.01, Kruskal–Wallis
ANOVA, Dunn’s post hoc test for Ca2+ influx data (comparing the three glutamate-treated groups); Chi-square
for DCD incidence data (comparing the three glutamate-treated groups); Mann–Whitney test for comparison of
box-plot data.

Fig. 1 that showed that 100 μM glutamate was sufficient
to evoke maximum Ca2+ responses in isolated RGCs, and
verifies that the earlier findings were not due to saturation
of the high-affinity fura-2 dye. DCD occurred in 18–28%
of the RGCs exposed to 10, 100 and 1000 μM glutamate
for 1 h (Fig. 9B), and there was no significant difference
(P = 0.351, Chi-square) in the proportion of cells under-
going DCD during treatment with the different glutamate
concentrations. As a control, DCD was not observed in
any RGCs (n = 41) that were maintained in HBSS (no
glutamate) for 1 h.
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Pooling the data together for the three glutamate
concentrations, the incidence of DCD was related to
the magnitude of the glutamate-induced Ca2+ responses,
as RGCs with larger Ca2+ responses were most likely
to deregulate (Fig. 9C). This susceptibility was not
linked to baseline Ca2+ levels (Fig. 9D), indicating that
DCD-exhibiting cells were not already injured prior
to glutamate exposure. The presence of annexin V
fluorescence was determined at the conclusion of the
experiment for 186 of the RGCs treated with glutamate
(Fig. 9E). The vast majority of deregulating RGCs in this

Figure 10. Effect of glutamate receptor blockade on Ca2+ influx and DCD occurrence in isolated RGCs
A, mean Ca2+ influx (peak fura-4F ratio over first 400 s of glutamate exposure minus baseline ratio; +1 S.D.)
induced by 100 μM glutamate (plus 10 μM glycine) in the presence or absence of AMPA/kainate-R (NBQX) and
NMDA-R (Mg2+, APV and MK-801) blockers. The data for 100 μM glutamate (blockers absent) is re-plotted from
data shown in Fig. 9. B, the proportion of cells exhibiting DCD in each treatment group. C and D, fura-4F ratio
traces of all RGCs (n = 75) treated with 100 μM glutamate plus 10 μM glycine for 1 h (with 15 min wash-out)
alone (C), and in the presence of the non-competitive NMDA-R antagonist MK-801 (n = 40) (D). RGCs exhibiting
DCD are denoted by red traces while RGCs surviving the glutamate insult are denoted by blue traces. ∗P < 0.05,
∗∗P < 0.01, as compared to 100 μM glutamate-treated group; Kruskal–Wallis ANOVA, Dunn’s post hoc test for
Ca2+ influx data; Chi-square for DCD incidence data.

group were stained by annexin V (42 of 44 cells), while
RGCs that recovered from glutamate treatment usually
did not exhibit annexin V fluorescence (139 of 142 cells
were annexin V-negative). Therefore, these results indicate
that the RGCs that underwent DCD were indeed dead or
dying.

To assess the effect of glutamate receptor inhibition
on DCD occurrence, RGCs were exposed for 1 h to
100 μM glutamate (plus 10 μM glycine; in Mg2+-free
HBSS unless noted otherwise) with AMPA/kainate-R
and NMDA-R blockers present. Each of the tested
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agents, NBQX (25 μM; AMPA/kainate-R antagonist),
extracellular Mg2+ (0.8 mM; NMDA-R channel blocker),
APV (100 μM; NMDA-R antagonist) and MK-801
(10 μM; NMDA-R antagonist), significantly (P < 0.05,
Kruskal–Wallis ANOVA, as compared to group treated
only with 100 μM glutamate) reduced the initial Ca2+

influx (Fig. 10A). RGCs treated with compounds
targeting NMDA-Rs exhibited a significant reduction
(P < 0.01, Chi-square, as compared to group treated
with 100 μM glutamate alone) in DCD occurrence
(Fig. 10B). Consistent with the observed relationship
of calcium influx to DCD incidence (Fig. 9C), there
was a general trend suggesting that greater reductions
in glutamate-induced calcium influx were associated
with fewer cells exhibiting DCD. APV (100 μM) was
not as effective at blocking glutamate-induced Ca2+

signals as in the brief (30 s) glutamate pulse experiments
(see Fig. 3), but this is likely to be because APV is
a competitive antagonist and competes with glutamate
throughout the 1 h exposure period. The non-competitive
antagonist MK-801 provided near-complete protection,
and its effect on glutamate-induced Ca2+ influx and
DCD incidence is perhaps best illustrated by examining
the optical recordings for all RGCs (n = 40) treated
with 100 μM glutamate in the presence of MK-801
(Fig. 10D) as compared to traces for RGCs (n = 75) treated
with 100 μM glutamate alone (Fig. 10C). In agreement
with the previous experiments employing 30 s glutamate
treatments (Fig. 3), blockade of NMDA-Rs with MK-801
nearly abolished Ca2+ influx, and significantly prevented
the incidence of Ca2+ deregulation and ensuing cell
death.

Discussion

In this work, we showed that RGC excitotoxicity was
characterized by delayed Ca2+ deregulation, and that
RGCs exhibiting larger glutamate-evoked Ca2+ responses
were more likely to undergo DCD. Glutamate-induced
Ca2+ influx occurred predominantly through NMDA-R
activation in RGCs isolated from neonatal or adult rats
and in RGCs from retinal wholemounts. Antagonism of
NMDA-Rs significantly reduced the occurrence of DCD
and protected RGCs from excitotoxic death.

Glutamate-induced RGC calcium influx is mediated
primarily by NMDA-Rs

An increase in RGC [Ca2+]i occurred following
stimulation of either NMDA-Rs or AMPA/kainate-Rs
with their respective selective agonists, NMDA and
kainate, confirming that glutamate could potentially
alter RGC Ca2+ dynamics through either pathway. In
Mg2+-free external solution, the NMDA-R antagonist

APV abolished Ca2+ responses induced by a low
glutamate concentration (10 μM) in RGCs isolated from
neonatal rats, and blocked the majority of that due
to a saturating glutamate concentration (100 μM). The
AMPA/kainate-R antagonist NBQX had a small but
significant effect on only RGC responses to 100 μM

glutamate. As compared to NMDA-Rs, AMPA/kainate-Rs
have a lower affinity for glutamate and desensitize quickly
(Dingledine et al. 1999). These characteristics offer a
mechanistic explanation for the findings of the pre-
sent study: at near-threshold glutamate concentrations,
AMPA/kainate-Rs are not stimulated and the response
is entirely NMDA-R-mediated; at higher glutamate
concentrations, AMPA/kainate-Rs are activated but
desensitize quickly and contribute only a minor portion
of the overall Ca2+ signal.

Consistent with a role for NMDA-Rs, the changes
in RGC [Ca2+]i produced by the glutamate treatments
were reduced by the addition of Mg2+ to the super-
fusing solution and they were potentiated with the
coapplication of glycine. With extracellular Mg2+ pre-
sent, a similar reduction in the glutamate-induced
Ca2+ responses was observed following antagonism of
either NMDA-Rs or AMPA/kainate-Rs (using MK-801
and NBQX, respectively). Thus, while the effect of
NMDA-R blockade on RGC glutamate responses was
comparable regardless of external Mg2+ levels, the
inhibitory effect of NBQX was more pronounced when the
bathing solution contained Mg2+. The most parsimonious
explanation for these data is that AMPA/kainate-R
activation is primarily required to depolarize RGCs
and relieve the NMDA-R Mg2+-block, rather than
directly contributing to the rise in [Ca2+]i. Therefore,
stimulation of both NMDA-Rs and AMPA/kainate-Rs
is necessary for robust glutamate-related RGC Ca2+

responses with external Mg2+ present but, as shown
by the experiments with extracellular Mg2+ absent, the
Ca2+ signal itself is mostly mediated through NMDA-R
activation.

Ca2+ can flow directly through glutamate receptor-
associated channels or through VGCCs following neuro-
nal depolarization. By blocking L- and N-type (CaV1
and CaV2.2) VGCCs, we found that influx through these
channels contributes one-third, on average, of the RGC
Ca2+ signal due to a saturating (100 μM) concentration
of glutamate. In contrast, the Ca2+ responses induced by
10 μM glutamate were not significantly affected by the
VGCC blocking cocktail, suggesting that the Ca2+ signals
evoked by this concentration of glutamate (shown to be
near-threshold under our recording conditions) were pre-
dominantly mediated by direct flux through NMDA-R
channels. It is possible that VGCC involvement was under-
estimated, as only L- and N-type VGCCs were targeted,
but these channels have been shown to mediate the
majority of the Ca2+ current in rat RGCs (Karschin &

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society



J Physiol 586.14 Glutamatergic RGC calcium dynamics 3441

Lipton, 1989; Schmid & Guenther, 1999). In addition,
while the average magnitude of the RGC Ca2+ responses
to 200 μM NMDA was not statistically different from
the responses evoked by 200 μM kainate, the VGCC
blockers significantly affected the kainate-driven but not
the NMDA-driven Ca2+ signals. These results imply that at
this concentration, NMDA stimulates considerable Ca2+

flux through NMDA-R channels without depolarizing the
neuron to the threshold potential for VGCC activation.
Although our data do not rule out a contribution
for Ca2+-permeable AMPA/kainate-Rs, they do indicate
that 200 μM kainate depolarized the RGCs more than
200 μM NMDA (presumably due to proportionally greater
inward current through AMPA/kainate-R channels) and
that VGCC-mediated Ca2+ flux comprises a significant
component of the kainate-induced Ca2+ responses of the
isolated RGCs.

A potential concern in using RGC cultures is that
dissociation alters the glutamate receptor expression
from that in vivo. There is evidence, based on electro-
physiological recordings and immunohistochemical
analysis, that AMPA/kainate-Rs reside within synaptic
clefts while NMDA-Rs on rat RGCs are instead located
extrasynaptically (Chen & Diamond, 2002; Zhang &
Diamond, 2006), although other work has suggested
that extrasynaptic NMDA-Rs are a feature of ON RGCs
rather than OFF RGCs (Sagdullaev et al. 2006). As RGCs
in purified cultures develop few synapses (Ullian et al.
2001), AMPA/kainate-Rs may be underrepresented in
immunopanned RGCs. Ca2+ imaging of RGCs in retinal
wholemounts addressed this issue. Consistent with pre-
vious work demonstrating the efficiency of glutamate
uptake in this intact retina preparation (Hartwick
et al. 2005), 500 μM glutamate alone had no effect on
RGCs but it induced a detectable Ca2+ signal with
the coapplication of the glutamate transporter inhibitor
TBOA. The bath application of glutamate plus TBOA
is meant to mimic the rise in extracellular glutamate
levels that occurs when glutamate transporter function
is disrupted in conditions such as ischaemia/hypoxia (for
review, see Camacho & Massieu, 2006). Under Mg2+-free
conditions, the RGC responses to glutamate plus TBOA
were blocked by NMDA-R but not AMPA/kainate-R
antagonism, in agreement with the results obtained using
the cultured RGCs. With extracellular Mg2+ present, the
glutamate-related Ca2+ signals were reduced and there was
increased inhibition of the responses by NBQX, findings
that were again similar to those observed using immuno-
panned RGCs from neonatal rats. These data, along with
comparable data obtained from isolated RGCs panned
from adult rat retinas, argue against developmental
differences in the mechanisms underlying glutamatergic
Ca2+ dynamics in 7- to 8-day-old rats relative to those in
adult rats.

RGC excitotoxicity is accompanied by delayed calcium
deregulation

During prolonged exposure (1 h) to glutamate (10–
1000 μM), approximately one-quarter (18–28%) of the
immunopanned RGCs exhibited a latent loss of calcium
homeostasis. This phenomenon, termed DCD, has been
described in a number of other central neurons, including
cerebellar granule (Manev et al. 1989), hippocampal
(Randall & Thayer, 1992), spinal (Tymianski et al. 1993)
and cortical (Rajdev & Reynolds, 1994) neurons, but
this work represents its first characterization in a retinal
neuron. RGCs undergoing DCD did not exhibit any
recovery during the 15 min wash-out period, while RGCs
that maintained a plateau [Ca2+]i throughout glutamate
treatment recovered towards baseline levels. As there was
no significant difference in the baseline fura-4F ratios
between RGCs that developed DCD and those that did
not, and RGCs that were maintained in only HBSS (no
glutamate added) did not exhibit DCD, it is highly unlikely
that the occurrence of DCD and subsequent cell death was
not directly related to glutamate treatment. Annexin V
staining at the culmination of the imaging experiments
resulted in essentially exclusive labelling of RGCs that had
underwent DCD, consistent with previous work showing
DCD precedes, or at least coincides with, excitotoxic
neuronal death (Tymianski et al. 1993).

Interestingly, the number of RGCs exhibiting a latent
loss of Ca2+ homeostasis during the prolonged glutamate
exposure was not appreciably different for the three
glutamate concentrations (10, 100, 1000 μM) tested.
Even at 1000 μM, only about one-quarter of the RGCs
deregulated after 1 h, showing a similar steady loss of cells
as the 1 h treatment with 10 or 100 μM glutamate. This
finding suggests that it is extended exposure periods, and
not brief contact with high concentrations, that triggers
glutamate’s toxic effects on RGCs. By inhibiting NMDA-R
activation with either Mg2+, the competitive antagonist
APV or the non-competitive antagonist MK-801, RGC
Ca2+ responses were reduced and the occurrence of DCD
significantly decreased. The AMPA/kainate-R antagonist
NBQX had a small effect on RGC Ca2+ responses, but its
effect in preventing DCD was not statistically significant.
Therefore, NMDA-R activation played a major role in
DCD and glutamate-related RGC death.

The nature of the secondary [Ca2+]i increase during
DCD in RGCs was not assessed in the current work
and represents a topic for future study. The mechanisms
underlying DCD in other central neurons have been
reported to involve either a reduction in the functional
capacity of Ca2+ efflux mechanisms or a latent activation
of plasma membrane ion channels (or a combination of
both scenarios; for review, see Chinopoulos & Adam-Vizi,
2006). In support of reduced Ca2+ efflux, it has been
demonstrated that glutamate-induced DCD in cerebellar
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granule neurons involves the calpain-mediated proteolysis
of Na+/Ca2+ exchangers, which renders the neurons
incapable of extruding Ca2+ in sufficient amounts to
maintain homeostasis (Bano et al. 2005). In agreement
with the secondary Ca2+ influx hypothesis, there is other
evidence that excitotoxicity-related DCD in hippocampal
and cortical neurons is due to the activation of
a Ca2+-permeable channel that can be blocked by
gadolinium, lanthanum or 2-aminoethoxydiphenyl borate
(Chinopoulos et al. 2004; Deshpande et al. 2007). The
identity of this putative channel remains unknown, but
traditionally studied Ca2+-permeable channels such as
glutamate receptors and VGCCs have been ruled out
(Manev et al. 1989; Randall & Thayer, 1992; Deshpande
et al. 2007).

There was considerable interneuronal variability in
the magnitude of the glutamate-evoked Ca2+ signals
in immunopanned RGCs, and this variability was
evident with either the 30 s or 1 h glutamate treatment
protocols (and with the use of either fura-2 or fura-4F
indicator dyes). While the dissociation procedure may
have contributed to this variability, studies assessing the
accumulation of the cation channel permeant agmatine
in mammalian retinas exposed to glutamatergic agonists
indicate that RGCs are indeed a heterogeneous group of
neurons with a broad spectrum of responses to excitatory
input (Marc, 1999a,b; Marc & Jones, 2002; Sun et al. 2003).
Furthermore, single-cell PCR analysis of mouse RGCs
indicates that, while virtually all of these neurons express
AMPA-, kainate- and NMDA-Rs, there is considerable
intercell variability in the expression of the different sub-
units for these glutamate receptors (Jakobs et al. 2007),
thereby providing a potential molecular basis for the
heterogeneity of the glutamatergic Ca2+ responses. The
magnitude of an individual RGC’s glutamate-induced
Ca2+ signal was linked to its susceptibility to excitotoxicity,
as RGCs that displayed larger Ca2+ responses were
more likely to undergo DCD. This finding is in general
agreement with the ‘Ca2+ load’ hypothesis, which suggests
that excitotoxic neuronal death correlates with the rise
in [Ca2+]i (Hartley et al. 1993; Eimerl & Schramm,
1994; Lu et al. 1996). A competing, yet not mutually
exclusive, proposal is that the route of Ca2+ entry (‘source
specificity’ hypothesis) is a greater death determinant
than the overall [Ca2+]i change, with Ca2+ influx
through NMDA-Rs being more lethal than influx through
VGCCs or AMPA/kainate-Rs (Tymianski et al. 1993;
Sattler et al. 1998). As NMDA-Rs were the major
contributor to RGC Ca2+ responses, blocking NMDA-R
activation dramatically reduced Ca2+ influx and essentially
eliminated the occurrence of DCD. Therefore, the results
of these experiments are potentially compatible with
either theory, and further research is necessary to test
the ‘Ca2+ load’ versus ‘source specificity’ hypotheses in
RGCs.

Many of the experiments in the current work were
performed using a superfusing solution that contained
no Mg2+, an experimental paradigm that is consistent
with previous studies that have investigated DCD in other
central neurons (see below). With Mg2+ in the external
bath, a rise in [Ca2+]i could still be elicited from the
isolated RGCs and the RGCs in the intact retina pre-
parations, albeit to a lesser extent than when Mg2+ was
absent. Similarly, the addition of Mg2+ to the extracellular
milieu reduced, but did not completely protect against,
the occurrence of DCD in the cultured RGCs. However, it
is not necessarily a valid assumption that the experiments
in Mg2+-containing HBSS serve as a better indicator for
RGC susceptibility to excitotoxicity in the living eye.
While it is unlikely that Mg2+-free conditions occur
in the retina in vivo, the effectiveness of Mg2+ in
blocking RGC NMDA-Rs is likely to be more pronounced
in the purified cultures and the retinal wholemounts
due to the voltage dependency of this inhibition.
With synaptic glutamatergic input eliminated (the
chromophore-regenerating retinal pigment epithelium
was removed in the retinal wholemounts), the RGCs in
these two in vitro preparations would be expected to be
more hyperpolarized than RGCs in vivo and thus more
affected by Mg2+. The depolarization of RGCs due to
AMPA/kainate-R activation, shown here to play a role in
facilitating NMDA-R-mediated Ca2+ influx when Mg2+ is
present, would be mediated in vivo through the recurrent
bursts of synaptically released glutamate generated in
retinal responses to visual stimuli. That RGC NMDA-R
activation can occur under physiological conditions is
supported by a number of studies that have shown that
intravitreal injections of NMDA in live rodents results
in RGC death (examples include Siliprandi et al. 1992;
Lam et al. 1999; Schlamp et al. 2001; Manabe et al. 2005;
Nakazawa et al. 2005; Pernet et al. 2007; Reichstein et al.
2007).

Based on experiments using RGCs in purified cultures
and in retinal wholemounts, Ullian et al. (2004) reported
that these retinal neurons are invulnerable to the
excitotoxic actions of glutamate. Our data instead indicate
that excitotoxic death can occur in at least a subpopulation
of RGCs, and this death is associated with a similar
dysregulation of [Ca2+]i (DCD) that has been observed
in other central neurons. The susceptibility of RGCs to
excitotoxicity observed in our study is in agreement with
the many in vivo studies of NMDA-R-mediated RGC death
(examples listed in preceding paragraph). One reason
for the differences in our findings may be related to
the external solution used in the glutamate exposure
experiments. In the present study, the immunopanned
RGCs were transferred to HBSS for glutamate treatments,
rather than adding glutamate to Neurobasal/B27 culture
medium as in Ullian et al. (2004). Besides Mg2+,
this culture medium contains vitamins, minerals, and
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antioxidants that are designed to enhance neuronal
survival (Brewer et al. 1993). In particular, oxidative stress
caused by free radical formation (such as peroxynitrate
generated from nitric oxide) has been implicated as a
downstream effector of NMDA-R-mediated excitotoxicity
(Dawson et al. 1991; Dugan et al. 1995; Reynolds &
Hastings, 1995). The antioxidants in Neurobasal/B27
have been shown to be neuroprotective in models of
glutamate-induced neuronal death (Perry et al. 2004),
indicating that this culture medium may confound studies
of excitotoxicity.

While our results dispute the assertion that RGCs
are completely immune to the excitotoxic effects of
glutamate, Ullian et al. (2004) provided strong evidence
that RGCs are much less vulnerable to excitotoxic death
than retinal amacrine cells and hippocampal neurons. In
the current study, the percentage of RGCs undergoing
DCD (< 30%) during the 1 h exposure to glutamate was
considerably less than the approximate 60–85% rate of
DCD occurrence that has been observed in cultures of
spinal (Tymianski et al. 1993), cortical (Chinopoulos et al.
2004), and cerebellar granule (Bano et al. 2005) neurons
using similar glutamate treatment protocols and Ca2+

imaging protocols (including the use of Mg2+-free external
solution). Why RGCs are less susceptible to glutamate
excitotoxicity, as compared to other types of neurons,
remains an important question. Interestingly, Ullian et al.
(2004) found that RGCs exhibited significantly smaller
NMDA-evoked currents relative to hippocampal neurons.
It is possible that the total number of NMDA-Rs or
the subunit composition of the expressed NMDA-Rs is
different in RGCs, relative to more vulnerable neuro-
nal types. For example, NMDA-Rs that contain NR2A
or NR2B subunits, as compared to those with NR2C or
NR2D, show a higher sensitivity to Mg2+ block (Kuner &
Schoepfer, 1996), while NMDA-Rs containing the NR3A
subunit exhibit reduced whole-cell currents and Ca2+

permeability (Dingledine et al. 1999). Each of these sub-
units has been identified on rodent RGCs (Sucher et al.
2003; Ullian et al. 2004; Jakobs et al. 2007) but the relative
expression of different NMDA-R subunit combinations
has yet to be clarified for RGCs. Alternatively, there
are also data supporting the existence of endogenous
neuroprotective mechanisms in RGCs that are activated
downstream of NMDA-R-associated Ca2+ influx and that
could serve to prevent DCD. An increase of [Ca2+]i

in salamander RGCs has been shown to disrupt the
organization of actin filaments in the cell membrane,
and this actin remodelling may serve as a feedback
mechanism to decrease Ca2+ influx and protect RGCs
from excitotoxicity by reducing the risk of Ca2+ overload
(Cristofanilli & Akopian, 2006; Cristofanilli et al. 2007).
Similarly, it has been demonstrated that an increase in
the expression of calcium/calmodulin-dependent protein
kinase (CaMKIIαB) is stimulated in rat RGCs following

glutamate treatment, and this signalling pathway is part
of an intrinsic survival response that protects RGCs from
excitotoxic death (Fan et al. 2007).

It has been over 50 years since Lucas & Newhouse
(1957) first documented the lethal effects of glutamate
with the observation that excessive doses of this excitatory
amino acid destroyed inner retinal neurons, including
RGCs. Glutamate excitotoxicity has been implicated in
the pathogenesis of a number of CNS neurodegenerative
disorders (Choi, 1988; Lipton & Rosenberg, 1994), and
in the RGC death that occurs during retinal ischaemia
associated with central and branch retinal artery and
vein occlusions (for review, see Osborne et al. 2004).
The identification of mechanisms distinguishing the
excitotoxic pathway from physiological glutamatergic
signalling could aid in the development of effective yet
safe neuroprotective therapies.
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